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The main ν-process reactions for yr and decays to 26 Mg with a 1.809 γ ray (E2 transition) as observed by the COMPTEL detector on the Compton Gamma-Ray Observatory (CGRO) [17] .
We presume a two step process in the ν-induced reaction: the 1st step is the formation of excited nuclei by incident ν's; and the 2nd is the decay process to other ground states with some particle emission. To describe the 2nd decay process, one needs to consider the branching ratios for the decay processes by using a Hauser-Feshbach (HF) statistical model [18] [19] [20] [21] [22] . One also needs calculations of the transmission coefficients for the emitted particles.
In this work, we made this calculation using the method of Refs. [18, 20] . applying a one quasi-particle operator to the even-even nuclei, 92 Zr and 98 Ru, which are assumed to be in the BCS ground state.
In Sec. II, we address a brief summary of our QRPA framework used in ν-induced reactions. In Sec. III, numerical cross sections for neutrino induced reactions on relevant nuclei are given in terms of the incident neutrino energy. Their temperature dependence is also presented for astrophysical applications under the assumption of a Fermi Dirac distribution for the SN neutrinos. A discussion about the roles of charge exchange reactions by neutron capture on nuclei is also added to the results. A summary and conclusions are presented in Sec. IV.
II. THEORETICAL FRAMEWORK
Our QRPA formalism for the ν(ν)-nucleus (ν(ν) − A) reaction has been detailed in our previous papers [6] [7] [8] . Results from the QRPA have successfully described relevant ν-induced reaction data for 12 C, 56 Fe, 56 Ni, 138 La and 180 Ta as well as β, 2ν2β and 0ν2β decays. In particular, double beta (2β) decay is well known to be sensitive to the nuclear structure and has more data than the ν-induced reaction data. Therefore, it could be a useful tool for the estimation of ν-process reaction rates.
Charge exchange reactions, A(n,p)B or B(p,n)A, also provide viable tests of nuclear models and one can deduce the neutrino induced reaction rates from these reactions because Gamow Teller (GT) transitions account for most of the strength in both the nucleon exchange reaction and the neutrino reactions, particularly in the low energy region.
Here we summarize two important characteristics regarding our calculation compared to other QRPA approaches. First, we utilize the Brueckner G matrix for the two-body interactions inside nuclei by solving the Bethe-Salpeter equation based on the Bonn CD potential for the nucleon-nucleon interactions in free space. This procedure reduces some of the ambiguities regarding nucleon-nucleon interactions inside nuclei.
Secondly, we include neutron-proton (np) pairing as well as neutron-neutron (nn) and proton-proton (pp) pairing correlations. Consequently, both CC and NC reactions can be described within a single framework.
The contribution from np pairing, however, has been shown to be only of order 1 ∼ 2 % for the weak interaction on 12 C, such as β ± decay and the ν− 12 C reaction [6, 7] . Such a small effect is easily understood because the energy gaps between the neutron and proton energy spaces in light nuclei are too large to be effective. However, in medium-heavy nuclei, such as 56 Fe and 56 Ni, the np pairing effect accounts for 20 ∼ 30 % of the total cross section [7] . Therefore, in the heavy nuclei considered in this work, np pairing should be included.
The np pairing has two isospin contributions, T = 1 and T = 0. These correspond to J = 0 and J = 1 pairings, respectively. Since the J = 0 (T = 1) pairing couples a state to its time reversed state, the shape is almost spherical. Hence, the J = 0 (T = 1) np pairing can be easily included in a spherical symmetric model.
The J = 1 (T = 0) np pairing, which is partly associated with the tensor force, however, leads to a non-spherical shape, i.e. deformation. Therefore, in principle, the J = 1 (T = 0) np coupling cannot be included in a spherically symmetrically model. However, if we use a renormalized strength constant for the np pairing, g np , as a parameter to be fitted to the empirical pairing gaps, the J = 1 (T = 0) pairing can be incorporated implicitly even in a spherical symmetric model because the fitted g np may include effectively the deformation of the nucleus.
The empirical np pairing gap is easily extracted from data on mass-excesses. The theoretical pairing gap δ th.
np is calculated as the difference between the total energies with and without np pairing correlations [23] δ th.
where
is the Hartree-Fock energy of the ground state with (without) np pairing and E
is the sum of the lowest two quasi-particles energies with (without) np pairing correlations. More detailed discussion of this is given at Ref. [23] .
In our QRPA calculation, the ground state of a target nucleus is described by the BCS vacuum for the quasi-particle which comprises nn, pp and np pairing correlations. Excited states, |m; J π M , in the compound nucleus are generated by operating the following one phonon operator on the initial BCS state
where the pair creation and annihilation operators, C + andC, are defined as
where a + lν ′ is a quasi-particle creation operator, and the
are Clebsh-Gordan coefficients. Here Roman letters indicate single particle states, while Greek letters with a prime mean quasi-particle types 1 or 2.
If the neutron-proton pairing is neglected, quasi-particles become quasi-protons and quasi-neutrons, and the phonon operator is easily decoupled into two different phonon operators. One is for charge changing reactions such as nuclear β decay and CC neutrino reactions. The other is for charge conserving reactions such as electromagnetic and NC neutrino reactions. The amplitudes X aα
′ , which stand for forward and backward going amplitudes from the ground states to excited states, are obtained from the QRPA equation. A detailed derivation for this procedure was given in Refs. [7, 23] By using the phonon operator Q +,m JM in Eq. (2), we obtain the following expression for the CC neutrino reactions
where N aα
. This form is also easily reduced to the result produced in the pn QRPA when the np pairing correlations are not included [24] 
Since NC reactions for 93 Nb and 98 Tc occur in odd-even nuclei, we need to properly describe the ground state of odd-even nuclei. The standard QRPA treats the ground state of even-even nuclei as the BCS vacuum, so it is not easily applicable to reactions on odd-even nuclei.
Our formalism to deal with such NC reactions is based upon the quasi-particle shell model (QSM) [8] . First, we generate low energy spectra of odd-even nuclei by applying the one quasi-particle creation operator on the even-even nuclei constructed by the BCS theory, i.e.
Then the NC weak transitions are given by
The weak current operator is comprised of longitudinal, Coulomb, electric and magnetic operators,Ô λ , as described in Ref. [7] . Finally, with the initial and final nuclear states specified, the cross sections for ν(ν) − A reactions through the weak transition operator can be directly calculated by using the formulas of Refs. [25, 26] . For CC reactions we multiplied by the Cabbibo angle cos 2 θ c and took account of the Coulomb distortion of the outgoing leptons [18, 24] .
III. RESULTS AND DISCUSSIONS
Here we show results for ν-induced reactions for 92 Nb and 98 Tc. Detailed formulae for the cross sections were presented in our previous papers [7, 8] . For CC reactions, we consider Coulomb distortion of the outgoing lepton. Since the neutrino energies of interest here can go up to 80 MeV, we divide the energy range into two regions. In the low energy region, we use the Fermi correction used for the s-wave electron in β decay. In the high energy region, however, we exploit the effective momentum approach (EMA) used for higher energy electron scattering analysis [27, 28] . To make a smooth transition of the cross sections between the two energy limits, we determine an energy point, dubbed as the Coulomb cut, below which we use the Fermi correction and above which the EMA is used. We show results for two different Coulomb cuts, 30 and 40 MeV. Cases of 30 MeV change more smoothly.
Fortunately, however, as we show here, the temperature dependent cross sections are nearly independent of the Coulomb cut.
Incident ν(ν) energies emitted in SN explosions [1, 4] are assumed to be in the energy range from a few to tens of MeV because the ν(ν) energy spectra emitted from the protoneutron star are presumed to follow the Fermi-Dirac distribution given by a temperature T and chemical potential α [4, 34] . Therefore, the temperature dependence of the cross sections are averaged over the ν-distribution as follows
where σ ν (E ν ) and f (E ν ) are the energy dependent ν −A cross sections and the corresponding neutrino flux, T and α can be chosen for a given neutrino type [4] .
Since we are interested in the nuclear abundances of 92 Nb and 98 Tc, our temperature dependent cross sections are presented by multiplying the particle emission branching ratios by the cross sections for the formation of the compound nuclei. The branching ratios used here are based on the Hauser-Feshbach statistical model [19] , using the JENDL3-3 model of
Ref. [20] along with the calculated transmission coefficients.
A. Results for 98 Tc Figure 3 shows the energy (upper) and temperature (lower panels) dependent cross sec- those by anti-neutrinos are different from those of incident neutrinos if we note differences between upper and lower panels. Therefore, the NC reactions are nearly independent of the neutrino species, but rather they depend on the helicity of the relevant neutrinos. It is an interesting point that the cross sections by incident ν are larger than those by incidentν even in the case of NC reactions [35] . All cross sections below 40 MeV are dominated by the GT 1 + transition, which is typical of NC reactions. Figure 5 shows the temperature dependent cross sections corresponding to Fig.4 , i.e.
upper and lower two curves are for ν µ (left) and ν e (right), andν µ (left) andν e (right), respectively. Here we have only shown results for a Coulomb cut = 40 MeV because they are nearly independent of the cuts as shown in Fig. 3 . The red curves are for the cases of no decay, the blue and green curves include branching ratios for neutron and proton emission
98 Tc, respectively. Similarly to the energy dependent cross sections, they are independent of the neutrino species, but depend upon neutrino helicities as can be seen in Fig. 4 . These results show that, in contrast to the results by CC, the cross sections for proton emission decay are smaller than those for neutron emission decay because S n = 7. Nb are of astrophysical importance because they are thought to be produced by the ν process and can also be used as a cosmological chronometer [10] .
The upper panels in Fig. 6 Fig.7 , where only results for the ν e andν e are given because they are almost identical to those for the ν µ andν µ reactions.
The general trends in the energy and temperature dependent cross sections by NC for 92 Nb are shown in Fig.8 . They have no special characteristics compared to the results for 98 Tc in Fig. 5 except that the cross section for proton emission decay is larger than that for neutron emission decay because S n = 8.831 MeV is larger than S p = 6.043 MeV in 93 Nb.
The magnitudes of the cross sections are about 1.5 times smaller than those for 98 Tc. This reflects the fact that the cross sections for ν induced reactions are usually proportional to the masses of the target nuclei [7, 8] . Even if we consider the excited states of 92 Nb below ∼ 0.5 MeV, which could be populated at a stellar temperature of T 9 = T /10 9 K ≈ 0.3 for the s-process (i.e. typical neutron energy to the production of 92 Nb in the weak s-process in core helium burning phase of massive stars before explosion.
IV. SUMMARY
We have calculated neutrino induced reactions on two odd-odd nuclei, 98 Tc and 92 Nb by the Quasi-particle RPA method because both nuclei may be produced by the ν process in the explosive astrophysical objects. The abundance of 98 Tc can be measured by observing the γ-ray from the E2 transition to 98 Ru. Consequently, it may play a role as another γ-ray source for astrophysical observation similar to 26 Al.
The abundance ratio of 92 Nb/ 93 Nb has a meaningful implication. The ratio could determine the various roles of neutrino properties in explosive nucleosynthesis because it is very rare compared to that of 138 La and 180 Ta whose isotopic abundances place valuable physical constraints on the production site [5] . 
